The thermoelectric performance of PolyG-PolyC and PolyA-PolyT double-stranded chains connected between organic contacts at different temperatures is theoretically studied on the basis of an effective model Hamiltonian. The obtained analytical expressions reveal the existence of important resonance effects leading to a significant enhancement of the Seebeck coefficient depending on the Fermi level position. High thermoelectric power factors, up to P = ͑1.5-3͒ ϫ 10 −3 W m −1 K −2 , are obtained close to the resonance energy. These values suggest that significantly high values of the thermoelectric figure of merit may be attained for synthetic DNA samples at room temperature. The possibility of combining p-type and n-type synthetic DNA chains in the design of a nanoscale Peltier cell is discussed, taking into account both contact and environmental effects.
I. INTRODUCTION
The experimental way to the possible use of organic molecules in the design of nanoscale thermoelectric devices was opened up by the measurement of an appreciable thermoelectric power ͑+18 V K −1 at room temperature͒ over guanine molecules adsorbed on a graphite substrate using a scanning tunneling microscope tip. 1 Subsequently, the thermoelectric response of phenyldithiol organic molecules chemisorbed on gold surfaces was theoretically analyzed, and Seebeck coefficient values comparable to those obtained in Poler's experiment were reported.
2 Similar values ͑+22 V K −1 at room temperature͒ have been recently reported on a sample of FeCl 3 -doped polythiophene. 3 Although these figures are too small to be of interest for most current thermoelectric applications, it is reasonable to expect that they may be significantly enhanced by a proper choice of the materials composing the thermoelectric nanocell. Thus, the thermoelectric potential of some conducting polymers, like polythiophene and polyaminosquarine, has been recently reviewed on the basis of their electronic band structures. 3 Also, the thermoelectric properties of nanocontacts made of singlewall carbon nanotubes have been studied numerically, concluding that doped semiconducting nanotubes may exhibit very high figures of thermoelectric merit. 4 In fact, the extreme sensitivity of thermopower to finer details in the electronic structure suggests that one could optimize the device's thermoelectric performance by properly engineering its electronic structure. With the aim of exploring such a possibility, we performed a systematic theoretical study on the thermoelectric properties of DNA nucleobases guanine ͑G͒, cytosine ͑C͒, adenine ͑A͒, and thymine ͑T͒-either as single units or forming dimers or trimers-connected to metallic leads at different temperatures. [5] [6] [7] The results showed that relatively large thermopower values can indeed be obtained by properly locating the system's Fermi level. 6, 7 In addition, the thermoelectric response of trimer nucleobases exhibits two resonant features where the Seebeck coefficient attains large values ͑200-400 V K −1 at room temperature͒, closely resembling recently reported thermopower curves of siliconbased atomic junctions. 8 Since both the location and the magnitude of these peaks sensitively depend on the energetics of the considered trimer, one may think of introducing a thermoelectric signature for different codons of biological interest, 7 in close analogy with the transversal electronic signature recently proposed for single-stranded DNA chains. 9, 10 In this work, we will analyze the thermoelectric response of more realistic double-stranded DNA ͑dsDNA͒ chains, hence extending our previous results in order to perform a theoretical prospective on the potential of synthetic DNA chains as thermoelectric materials. Duplex DNA molecules can be classified into biological ͑i.e., samples extracted from living organisms͒ and artificially engineered molecules ͓e.g., poly͑dG͒-poly͑dC͒ or poly͑dA͒-poly͑dT͒ chains͔. Synthetic nucleic acids considered so far are oligonucleotides where relatively few base pairs ͑BPs͒ are periodically arranged. These molecules are quite different from the biological ones, in which thousands to millions of BPs, including four different nucleotides, are aperiodically distributed. 11 Nevertheless, the nature of charge transport in both kinds of DNA chains can be traced back to a common mechanism, based on the aromatic base stacking between adjacent nucleotides, which promotes charge delocalization over a certain length. 12 From an applied viewpoint the convenience of synthetic versus biological DNA based thermoelectric devices is twofold: ͑i͒ synthetic DNA strands can be polymerized at will in order to fit any prescribed design; and ͑ii͒ quantum chemical calculations show the existence of convenient charge channels in periodic dsDNA chains. Thus, charge transfer mainly proceeds via hole ͑electron͒ propagation through the purine ͑pyrimidine͒ bases, where the highest occupied ͑HOMO͒ ͓lowest unoccupied ͑LUMO͔͒ molecular orbital carriers are respectively located in polyG-polyC ͑polyA-polyT͒ chains. 13, 14 In fact, experimental current-voltage curves show that double-stranded poly͑dA͒-poly͑dT͒ chains behave as n-type semiconductors, whereas poly͑dG͒-poly͑dC͒ ones behave as p-type semiconductors. 15 Accordingly, these synthetic DNAs may provide the basic building blocks necessary to construct a nanoscale thermoelectric cell, where the DNA chains will play the role of semiconducting legs in standard Peltier cells, as illustrated in Fig. 1 .
In order to further substantiate this proposal, in this work we present a theoretical study on the energy dependence of Seebeck coefficient S and thermoelectric power factor ͑S 2 , where is the electrical conductivity͒ of polyG-polyC and polyA-polyT chains at room temperature. Following our previous work, we model the duplex DNA molecules in terms of a renormalized one-dimensional effective Hamiltonian whose transmission coefficient at zero bias is analytically derived by embedding the chain between two semi-infinite leads. 16 From the knowledge of the transmission spectrum the thermoelectric voltage is then obtained making use of the approach introduced by Paulsson and Datta. 2 In this way, we derive closed analytical expressions describing the Seebeck coefficient and power factor dependences on the Fermi level position for synthetic DNA chains. According to the obtained results, polyG-polyC and polyA-polyT oligomers appear as promising thermoelectric materials to be used in the design of DNA-based, nanoscale thermoelectric devices.
II. MODEL DESCRIPTION
Transport experiments have shown that chemical bonding between DNA and metal electrodes is a prerequisite for achieving reproducible conductivity results. [17] [18] [19] [20] [21] [22] [23] [24] Thus, the binding of DNA to the metallic leads could affect the electronic structure of the molecule itself. 25, 26 Fortunately, in the DNA-metal junction case, one can restrict the analysis to the weak coupling limit, 12, 27 and consider the following onedimensional effective Hamiltonian, 16 ͚ n=1 N t GC͑AT͒ describes the hydrogen bonding between the complementary bases, k are the nucleobase on-site energies, t describes the hopping integral between a backbone state and the base state, 28 and ␥ accounts for the sugar-phosphate backbone on-site energies. Note that the renormalized DNA lattice includes six physical parameters ͕ G͑A͒ , C͑T͒ , t GC͑AT͒ , t , ␥ , t 0 ͖ fully describing the most relevant physics of the DNA molecule in terms of just two basic variables ͑␣ , t 0 ͒. The second term in Eq. ͑1͒ describes the DNA-lead contacts, where measures the coupling strength between the leads and the end nucleotides. Modeling the geometry and bonding character of the contact at the interface is a very delicate issue, since detailed information on the metal geometry and DNA chemical bonding at the contacts is poorly known to date. Consequently, in our modeling of the DNA contact, the parameter deals with the tunneling probability between the frontier orbitals, roughly describing bonding effects at the interface. Finally, the last two terms describe the leads at both sides of the DNA chain, modeled as semi-infinite one-dimensional chains of atoms with one orbital per site, where M is the on-site energy and t M is the hopping term.
III. ANALYTICAL EXPRESSIONS
Within the transfer matrix framework, considering nearest-neighbor interactions only, the Schrödinger equation corresponding to the Hamiltonian ͑1͒ can be expressed in the form
where n is the wave function amplitude for the energy E at site n ,2x ϵ͑E − ␣͒ / t 0 describes the DNA energetics, and the ratio ϵ / t 0 measures the DNA-lead coupling strength. 
͑4͒
where W ϵ͑E − E − ͒͑E + − E͒, with E ± ϵ M ±2t M , define the allowed spectral window determined by the lead bandwidth, ⍀ ϵ t M / , and U k ͑x͒ϵsin͓͑k +1͔͒ / sin , with x ϵ cos , are Chebyshev polynomials of the second kind. By inspecting Eq. ͑4͒ we realize that the transmission coefficient in general does not reach the full transmission condition T N = 1. This transmission degradation stems from contact effects. 27 In fact, even in the most favorable conditions for charge transport ͑i.e.,
From the knowledge of the transmission coefficient given by Eq. ͑4͒ the conductance through the lead-DNA-lead system is determined using the Landauer formula
where G 0 =2e 2 / h Ӎ 1/12 906 ⍀ −1 , and E F denotes the Fermi level. On the other hand, the Seebeck coefficient is obtained from the expression
where e is the electron charge,
is the Lorenz number, and T is the temperature. Making use of Eqs. ͑4͒ and ͑5͒ in Eq. ͑6͒ one gets
The Seebeck coefficient is then expressed as a product involving three contributions. The factor S 0 sets the thermovoltage scale ͑in V K −1 eV units͒ and accounts for the linear temperature dependence of S N . 30 The factor ⌬G links the thermopower magnitude to the conductance properties of the chain, so that the Seebeck coefficient progressively decreases ͑increases͒ as the conductance increases ͑decreases͒, vanishing when T N = 1, as expected from basic transport theory. The last factor in Eq. ͑7͒ depends on two additive contributions in turn. The value of B͑E F ͒ depends on the relative position of the Fermi level with respect to both the center, M , and the band edges, E ± , of the contacts. Thus, its contribution vanishes when E F → M , whereas B ͑and consequently S N ͒ asymptotically diverges as the Fermi level approaches the spectral window edges ͑i.e., E F → E ± ͒. Finally, the logarithmic derivative term in Eq. ͑7͒ contains most physically relevant information, accounting for ͑i͒ contact effects ͑related to the coupling constants and ⍀͒, ͑ii͒ size effects ͑described by the N parameter dependence͒, and ͑iii͒ resonance effects related to the DNA energetics by means of the Chebyshev polynomials' argument
where A ϵ a 1 − 1. In this work we are mainly interested in the study of the intrinsic transport properties of DNA chains, so that we will minimize contact effects by adopting t M = t 0 = henceforth, so that = 1 and ⍀ = t 0 . 31 Thus, taking into account the recurrence relationship U k+1 −2xU k + U k−1 =0, we can rewrite Eqs. ͑5͒ and ͑7͒ in the form
where
By comparing Eqs. ͑7͒ and ͑10͒ we see that the logarithmic derivative in Eq. ͑7͒ has been split into two separate contributions. The first one includes sugar-phosphate backbone effects through the ␥ parameter dependence. In particular, since P 2 ͑␥͒ = −1, we realize that S N asymptotically diverges as the Fermi level approaches the backbone on-site energy ͑i.e., E F → ␥͒. In general, the ␥ value will depend on the chemical nature of the nucleotides, as well as the possible presence of water molecules and/or counterions attached to the backbone. 12, 16 Accordingly, this resonant enhancement of thermoelectric power strongly depends on environmental conditions affecting the DNA electronic structure. Finally, the Chebyshev polynomial logarithmic derivative appearing in Eq. ͑10͒ describes possible size effects in the thermoelectric response for DNA chains of different length.
Making use of the mathematical relation
where T k ͑x͒ϵcos͑k͒ is a Chebyshev polynomial of the first kind, we express Eq. ͑10͒ in the explicit form
which is more convenient for numerical purposes, where
, and we have explicitly assumed U N−1 0 and C 0 ͑other-wise we get the trivial case S N =0͒.
IV. DISCUSSION

A. Model parameter values
We will evaluate the electric conductance and thermopower curves given by Eqs. ͑9͒ and ͑13͒ at room temperature making use of the model parameters listed in Table I . The on-site energies for the different nucleobases are chosen as the ionic potentials of their N-methylated forms. 32 On the basis of a recent study about Hückel parameters for biomolecules we adopt the value ␥ = 4.5 eV for the backbone phosphate group on-site energy and the value t = 1.5 eV for the resonance integral between the nucleobases and the sugar moiety. 28 The precise nature of hydrogen bonding in a Watson-Crick BP has been the subject of a number of quantum chemistry studies indicating that the orbital interaction accounts for about 40% and the electrostatic attraction about 60% of all attractive forces. 33 Our adopted values are taken from ab initio calculations considering a B-DNA fragment. 32 Depending on the DNA sequence composition, its length, and the effective temperature, the value of the hopping integral between stacked bases can vary over a relatively broad interval, ranging from t 0 = 0.01 to 0.4 eV. 13,34-39 Our adopted value is based on ͑i͒ quantum chemistry calculations yielding t 0 = 0.14-0.22 eV for poly͑dG͒-poly͑dC͒ and poly͑dA͒-poly͑dT͒ duplexes in B-DNA geometry, 40 ͑ii͒ first-principles calculations for a four-base-pair G-C stacking arranged in B-DNA configuration ͑t 0 = 0.115 eV͒, 41 and ͑iii͒ previous works where some experimental I-V curves for polyG-polyC chains were correctly reproduced by using t 0 = 0.17 eV. 42 The reliability of our adopted parameters to model the transport properties of DNA can be appreciated by comparing with previous results obtained from more sophisticated first-principles calculations. To this end, we have evaluated the bandwidth of the HOMO and LUMO bands making use of the data tabulated in Table I in the analytical expressions reported in Ref. 16 , obtaining W HOMO = 367 meV and W LUMO = 931 meV. Both bands are separated by a gap of width ⌬ = 6.312 eV. The obtained bandwidths compare reasonably well with the values reported for short ͑5-12 BPs͒ polyG-polyC and polyA-polyT chains from first-principles band structure calculations ͑HOMO bandwidths Ӎ50-400 meV; LUMO bandwidths Ӎ100-300 meV͒. 13, 34, 36, 43, 44 Assuming, as is usual, that each BP contributes one free charge carrier, 45 the HOMO-LUMO gap width ⌬ = 6.79 eV was obtained. This figure occupies an intermediate position between numerically obtained values for polyG-polyC chains ͑7.4-7.8 eV͒, 46 and photoemission spectroscopy measurements ͑4.5-5.0 eV͒ performed in polyG-polyC and polyA-polyT chains. 47 In order to illustrate the different energy scales considered in the DNA energetics, in Table I we hierarchically arrange the different parameters included in our tight-binding model, ranging from high energy values related to the sugarphosphate ͑12.3 eV͒ and nucleobase ͑7.7-9.1 eV͒ on-site energies, to intermediate energy values related to the basesugar interaction ͑1.5 eV͒ and the complementary base coupling ͑0.3-0.9 eV͒, and ending up with the aromatic base stacking low energies ͑0.15 eV͒. Finally, in order to reasonably satisfy the condition = t M = t 0 , we shall assume a contact geometry corresponding to a DNA chain connected to guanine wires at both sides. In this way, the spectral window is given by the energy interval ͓−0.3, 0.3͔ eV, where the origin of energies is set at the guanine contact level ͑i.e., M = G ϵ 0͒. Note that the resulting contact bandwidth ͑4t M = 0.6 eV͒ compares well with the HOMO bandwidths reported for periodic guanosine stacked ribbons from firstprinciple studies. 48 Although the possible use of organic contacts is just a tentative option, it is clear that in the case of guanine wires the alignment between the contact Fermi level and the DNA HOMO band is properly enhanced. If we consider metallic contacts the potential barrier between the electrode and the DNA molecule is set by the energy difference between the metal Fermi level and the HOMO state of guanine, and typically lies within the range 2.4 eV ͑platinum leads͒ and 3.5 eV ͑gold leads͒, 12 so that we should properly widen our considered spectral window.
B. Transport curves
In Fig. 2 we plot the thermopower and electrical conductance curves as a function of the Fermi energy obtained from Eqs. ͑9͒ and ͑13͒ for both G-C and A-T complementary pairs ͑N =1͒. The S͑E͒ curves exhibit typically metallic values ͑1-10 V K −1 ͒ over a broad energy interval around the guanine energy level and then suddenly grow ͑in absolute value͒ as E F approaches the band edges ͓due to the B͑E F ͒ contribution͔. As we can see, the thermoelectric response is very similar for both kinds of Watson-Crick pairs, though the Seebeck coefficient is somewhat larger for the A-T one, due to its smaller conductance value ͑shown in the inset͒. In this case ͑U 0 =1͒ the transmission coefficient reduces to T 1 = ͑1 + C͒ −1 and the corresponding conductance curves attain the maximum G 1 Ӎ 3.8ϫ 10 −5 ͑G 1 = 5.1827ϫ 10 −6 ͒ ⍀ −1 at the resonance energy E 1 * = 8.638ϫ 10 −2 ͑E 1 * = 5.501ϫ 10 −2 ͒ eV for G-C ͑A-T͒ BPs, respectively. These conductance values are remarkably large ͑in particular, the G-C BP value is about one order of magnitude larger than the values usually reported for organic molecular junctions 49 ͒ accounting for the small values of the Seebeck coefficient in the energy interval −0.2Շ E Շ 0.2, as prescribed by the ⌬G factor in Eq. ͑7͒.
As the number of BPs composing the DNA chain is progressively increased, several topological features ͑i.e., maxima, minima, and crossing points͒ appear in the thermopower curves of the polyG-polyC chains, as it is illustrated in Figs. 3 and 6 for the case N = 5. As we see, the Seebeck coefficient is characterized by the presence of two peaks around a crossing point located at the energy E 0 = −0.116 eV. The thermopower values attained at the peaks are significantly high, and compare well with the values reported for benchmark thermoelectric materials. Nevertheless, as the Fermi level shifts away from the resonance energy, the Seebeck coefficient significantly decreases, clearly illustrating the fine-tuning capabilities of thermopower measurements. On the contrary, the thermoelectric response of the polyA-polyT chain is rather insensitive to the chain length. This is illustrated in the inset of Fig. 3 , where we compare the thermoelectric curves of a single A-T BP and an N =5 polyA-polyT oligomer.
This contrasting behavior can be understood by inspecting the conductance curves shown in Fig. 4 for different N values. As we see, the overall topology of the polyA-polyT G N ͑E͒ curves does not substantially change as we progressively increase their length, although the conductance peak ratio G 2 / G 5 is significantly reduced by more than five orders of magnitude. This degradation of the charge transport efficiency is related to the fact that both adenine and thymine energy levels are far above the contact Fermi level; meanwhile the guanine level is just aligned to the contact one in the polyG-polyC chain. In that case, a pronounced resonance peak ͑saturating at the quantum conductance value G 0 ͒ appears in the conductance curve, as shown in the inset of Fig.  3 . On the other hand, according to Eq. ͑6͒ the main features of the polyG-polyC Seebeck coefficient shown in Fig. 2 be properly accounted for in terms of the conductance curve shown in this inset. In fact, when the Fermi level is located at the left ͑right͒ of the conductance peak the slope of the transmission coefficient curve T N ͑E͒ is positive ͑negative͒ leading to n-type ͑p-type͒ thermopower, respectively. In addition, the steeper the conductance curve the higher the thermopower value close to the resonance energy, as can be readily seen by comparing Figs. 3 and 4 . Finally, we note that the crossover energy E 0 defines two different regimes where the polyGpolyC oligomer alternatively exhibits n-type or p-type thermopower. In this regard it is worth mentioning that, when the Fermi level is located above E 0 , the Seebeck coefficient of each DNA chain exhibits contrary signs, so that the polyGpolyC chain behaves as a p-type material, while the polyApolyT chain behaves like an n-type one, in agreement with previous experimental results. 15 By properly combining the previous results, making use of the typical values L N = 0.34ϫ N nm for the length and R = 1 nm for the radius of B-form DNA, we can determine the magnitude of the thermoelectric power factor P N = N S N 2 = G N L N S N 2 / ͑R 2 ͒ for the considered samples. In Fig. 5 we plot the power factors of polyG-polyC ͑solid line͒ and polyA-polyT ͑dashed line͒ chains as a function of the energy for N =1 ͑main frame͒ and 5 ͑inset͒. The overall shape of the power factor is mainly determined by the energy dependence of the Seebeck coefficient. In fact, in the case N = 1 the power factor takes on relatively small values over a broad range of energies located around the conductance peak, but it significantly increases as the Fermi level approaches the band edges, as was previously discussed. In the case N =5, in addition to this general behavior ͑not shown͒ we observe that the power factor also attains significantly large values close to the resonance energy of the polyG-polyC chain due to the presence of the above mentioned Seebeck coefficient peaks. The values of the power factor maxima attained in this case ͓P 5 = ͑1.5-3͒ ϫ 10 −3 W m −1 K −2 ͔ nicely fit with those reported for benchmark thermoelectric materials ͓P = ͑2.5-3.5͒ ϫ 10 −3 W m −1 K −2 ͔ at high temperatures. 50 On the contrary, the power factor is completely negligible for polyA-polyT oligonucleotides.
V. ENVIRONMENTAL EFFECTS
Broadly speaking, the electronic DNA energetics includes three different contributions coming from the nucleobase system, the backbone system, and the environment. Environmental effects are related to the presence of counterions and water molecules, interacting with the nucleobases and the backbone by means of hydration, solvation, and charge transfer processes. The energy scale of these interactions ͑1-5 eV͒ is about one order of magnitude larger than the hydrogen bonding between Watson-Crick pairs ͑0.4-0.9 eV͒ and about two orders of magnitude larger than the base stacking energies ͑0.01-0.4 eV͒, as we have previously discussed ͑see Table I͒ . Up to now, we have neglected the possible influence of environmental effects, keeping a fixed value for the backbone-related on-site energy ␥. However, the sensitivity of thermopower to possible backbone effects should be considered in any realistic treatment, for the presence of a number of counterions located along the DNA sugar-phosphate backbone ͑mainly in the vicinity of negatively charged phosphates͒ as well as the grooves of the DNA helix ͑mainly near the nitrogen electronegative atoms of guanine and adenine͒ is expected. 51 A crude estimation about the influence of the cations on the unperturbed ␥ value was given in a previous work, where we concluded that ␥ values within the range 2 ഛ ␥ ഛ 3 eV ͑rather than ␥ Ӎ 4.5 eV͒ can be reasonably expected in some realistic situations. 16 In Fig. 6 we compare the Seebeck coefficient as a function of the energy for different ␥ values for a polyGpolyC chain with N = 5. By inspecting this plot we realize the remarkable role played by backbone effects on thermopower. In fact, by systematically varying the on-site energy parameter from ␥ = 4.5 eV ͑no environmental effects͒ to ␥ = 3.0 eV, the thermoelectric response of the DNA chain can be modulated from typically semiconducting values to typically metallic ones. As expected from basic theory ͓see Eq. ͑7͔͒, the degradation of the thermopower is related to a progressive enhancement of the DNA conductance. This result is shown in the inset of Fig. 6 , where we plot the systematic variation of the polyG-polyC oligomer conductance as ␥ is progressively decreased.
On the other hand, as we consider progressively longer chains, the role of thermal and dephasing effects ͑related to the vibrational degrees of freedom of counterions and hydration shells in DNA͒ becomes progressively important, eventually leading to a phase coherence break through the system. 52 A possible way to account for dephasing effects within the Landauer approach consists in coupling a dephasing term to every site of the DNA backbone. 53, 54 The main effect of such a coupling is then to modify the ␥ value. In a previous work we explicitly considered the possible influence of a relatively wide fluctuation of such a parameter ͑⌬␥ = ±1 eV͒ on the main features of the thermopower curve of single-stranded DNA chains, concluding that the resonance peak in the thermopower curve is quite robust under the influence of local environmental effects. 16 Within the framework of the one-dimensional effective Hamiltonian discussed in this work, we can confidently extrapolate this result to the case of double-stranded DNA chains too, as long as we restrict our discussion to relatively short oligomers.
VI. CONTACT EFFECTS
In order to ascertain the intrinsic DNA electrical transport properties one must pay particular attention to the role of contacts. In earlier measurements, DNA contact with metal electrodes was achieved by laying down the molecules directly on the electrodes. In this case, it is rather difficult to prove that the DNA molecule is in direct contact with the electrodes. Even so, the weak physical adhesion between DNA and metal may produce an insulating contact. 12 Recent transport experiments have shown that chemical bonding between DNA and metal electrodes is a prerequisite for achieving reproducible conductivity results. 17, [20] [21] [22] [23] [24] In a previous work, we considered the role of contact effects in a polyGACT single strand connected to metallic leads at both ends. In general, interference effects between the DNA molecular bands and the electronic structure of the leads at the metal-DNA interface degrades the transmission, as expected. But one also observes that coupling to the leads gives rise to the presence of a set of resonant states in the system, determined by the resonance condition t * = ͱ t 0 t M , which defines the optimal contact configuration for efficient charge transfer through the entire metal-DNA-metal system. 27 In the present model for a double-stranded DNA the influence of the metallic contacts on the charge distribution around the phosphate groups closer to the leads can be accounted for by replacing the renormalized on-site energy value given by Eq. ͑2͒ by the following one:
Thus, we assume that the contacts have a similar effect on both strands, so that the on-site energies close to the leads take a common value ␥ M , which in turn differs from that corresponding to the remaining sites along the backbone, ␥.
Making use of Eq. ͑14͒ in Eq. ͑3͒ we obtain
where T N is given by Eq. ͑4͒, H ϵ cos k − , and the auxiliary parameter
provides a measure of the relative strength of the contact effects ͑in eV͒. It is readily checked that in the case = 0 Eq. ͑15͒ reduces to Eq. ͑4͒, as required. In the duplex DNA case, the full transmission condition, corresponding to the optimal choice for the contact parameters is given by the relationship t M = t 0 = , indicating that metal contacts are not the most appropriate choice in order to minimize contact effects, and favor the use of organic crystals to this end. In this sense, the guanine wires recently studied by Di Felice and co-workers, with HOMO bandwidths of about 0.3 eV, appear as very promising candidates. 48 In Fig. 7 we show the transmission pattern for a polyGpolyC chain with N = 10 BPs. As we can see, the main effect of changing the backbone on-site energy value close to the leads is to change the number and relative positions of the full transmission peaks. According to Eq. ͑6͒, for a given location of the Fermi level, charge transfer at the end phosphate groups will induce a fluctuation of the Seebeck coefficient value, leading to a beneficial enhancement of the thermoelectric power in most cases.
VII. CONCLUSIONS
From the results reported in previous sections we conclude that the thermoelectric response of short dsDNA chains strongly depends on ͑i͒ the chemical nature of the considered DNA chain and ͑ii͒ the relative position between the contact Fermi level and the DNA molecular levels. Thus, while the thermoelectric power of polyA-polyT oligomers is quite insensitive to the number of BPs composing the chain, polyGpolyC oligomers exhibit a strong dependence on the chain length. Accordingly, we can efficiently optimize the power factor of polyG-polyC chains by properly shifting the Fermi level position close to the resonance energy, which plays the role of a tuning parameter. On the other hand, depending on the E F position, n-type and p-type thermoelectric responses can be simultaneously obtained for polyA-polyT and polyGpolyC DNA chains, respectively. This is a very convenient feature in order to design DNA-based thermoelectric devices, where both oligomers would play the role that semiconducting materials legs usually play in standard Peltier cells. To this end, the relatively low value of the polyA-polyT chain Seebeck coefficient could be significantly improved by connecting it to adenine wires, rather than guanine ones, in order to get a proper alignment between the contacts Fermi level and the DNA molecular levels.
The thermoelectric quality of a material is expressed in terms of the dimensionless figure of merit ZT = S 2 T / = PT / , where is the thermal conductivity. Therefore, the potential of DNA oligomers as thermoelectric materials will ultimately depend on their thermal transport properties which, to the best of my knowledge, have not yet been fully analyzed. Nevertheless, we can make a rough estimation of ZT by assuming that the thermal transport properties recently reported for a series of simple organic semiconductors ͑e.g., pentacene͒ are representative of more complex biomolecules as well. In particular, it seems reasonable to expect that the thermal conduction is dominated by phonon transport in these organic compounds, leading to small thermal conductivities in general. In fact, room temperature thermal conductivity values in the range = 0.25-0.50 W m −1 K −1 were measured for different organic films. 55 It is well known that the thermal conductivity of low dimensional systems is usually lower than the bulk, accounting for the higher thermoelectric performance reported for multilayers and nanowires. 56 Accordingly, bulk values provide an upper limit to the expected thermal conductivity. A suitable estimation of thermal conductivity for ideal coupling between a ballistic thermal conductor and the reservoirs relies on the quantum of thermal conductance g 0 = 2 k B 2 T / ͑3h͒ = 9.46 ϫ 10 −13 T W K −1 , which represents the maximum possible value of energy transported per phonon mode. 57 In the regime of low temperatures four main modes, arising from dilatational, torsional, and flexural degrees of freedom, are expected for a quantum wire. 58 Therefore, the thermal conductivity of a DNA oligomer of length L N = 0.34N nm will be given by N Ӎ 4g 0 L N / ͑R 2 ͒ = 0.02 W m −1 K −1 ͑at T =10 K͒ and N Ӎ 0.6 W m −1 K −1 ͑at room temperature͒ in optimal conditions. By taking the value Ӎ 0.1 W m −1 K −1 as a suitable reference value, along with the power factor values previously obtained, we get ZT Ӎ 4.5-9.0 for polyG-polyC chains with five BPs at room temperature ͑well above the usual highest ZT Ӎ 1 for conventional bulk materials͒. These remarkably high figure of merit values ͑comparable to those exhibited by the best thermoelectric materials 59, 60 ͒ must be properly balanced with the significant role played by unavoidable environmental effects, stemming from the presence of a cation and/or water molecule atmosphere around the DNA chain, on the actual thermoelectric efficiency of DNA-based nanocells. The inclusion of phonon degrees of freedom, following the approaches introduced in some recent works, 61, 62 would be then pertinent in order to obtain more accurate estimations on the feasibility of this proposal. In particular, the role of polarons ͑whose formation is a very common process for organic polymers with a flexible backbone such as DNA͒ in the electrical transport efficiency will deserve a closer scrutiny. 15, [63] [64] [65] 67 Broadly speaking, the onsite interaction of the charge carrier with phonon modes tends to localize it, leading to charge transfer rates within the range =5-75 ps, as reported by experiments. 66 These values are much longer than the charge transfer rates related to coherent tunneling ͑the dominant process assumed in our approach͒, which are given by Ӎ t 0 / h Ӎ 0.03 ps. Accordingly, one reasonably expects that the presence of polarons gives rise to a degradation of the charge transfer efficiency, as compared to that corresponding to coherent transport conditions. From basic principles one knows that a decrease in the charge transfer efficiency is generally accompanied by an enhancement of the Seebeck coefficient in most samples. On this basis, one could then expect that the inclusion of polaronic effects would lead to further improvement in the thermoelectric properties of DNA chains.
In summary, our theoretical prospective study on the thermoelectric properties of synthetic DNA oligonucleotides clearly indicates that these materials are suitable candidates to be considered in the design of highly performing, nanoscale-sized thermoelectric cells. Experimental work aimed to test the actual capabilities of DNA-based thermoelectric devices under different environmental conditions as well as to accurately determine the thermal transport properties of synthetic DNA samples would be very appealing.
